Abstract-The actions of 6-thioguanine (TG) and 6-mercaptopurine (MP) were compared in Chinese hamster ovary (CHO) cells. Several differences were noted between these two agents. TG caused a greater maximal loss of clonogenicity, leaving about one log fewer survivors than did MP, although the cells killed by MP appeared to succumb much more rapidly than those killed by TG. MP-treated populations experienced a G, or G,/S arrest which was quickly reversed upon drug removal. of TG into DNA, suggesting that a third mechanism is involved. We suggest that this additional mechanism may possibly be related to the induction of differentiation by TG that has been reported in other systems.
Abstract-The actions of 6-thioguanine (TG) and 6-mercaptopurine (MP) were compared in Chinese hamster ovary (CHO) cells. Several differences were noted between these two agents. TG caused a greater maximal loss of clonogenicity, leaving about one log fewer survivors than did MP, although the cells killed by MP appeared to succumb much more rapidly than those killed by TG. MP-treated populations experienced a G, or G,/S arrest which was quickly reversed upon drug removal. while TGtreated cells were arrested in late S/G,, after some delay. Although TG induced a gross chromosome deformation [unilateral chromatid damage, as described earlier in Maybaum and Mandel. Cancer Re.s. 43,3852 (1983) ] MP caused little or no such deformation.
Addition of 4-amino-5-imidazolecarboxamide (AIC) to MP treatments antagonized MP-induced loss of clonogenicity, while AIC caused a dosedependent potentiation of TG-induced loss of clonogenicity.
The interaction between TG and AIC does not seem to represent an increase in either purine starvation or incorporation of TG into DNA, suggesting that a third mechanism is involved. We suggest that this additional mechanism may possibly be related to the induction of differentiation by TG that has been reported in other systems.
In general, MPI/ and TG behave similarly in most biological systems examined, although TG is usually more potent than MP [l] . The antitumor spectra of the two drugs are almost indistinguishable, and cells resistant to one drug are usually cross-resistant to the other. No major differences in toxicity in either higher animals or humans have been recognized, although differences in disposition of the thiopurines may account for occasional selective organ toxicity. Drugs were added at t = 0 and cells were washed and given fresh. drug-free medium at t = 16 hr. At the indicated times, flasks were scraped to suspend attached cells and this suspension was then centrifuged.
After decanting the supernatant fraction, a few drop5 of trypan blue solution (0.4V in 0.0% NaCI) were added to the cell button for 2 min. at which time the cells were assayed for dye exclusion with a hemocytometer.
For determination of endogenous nucleotide pools the following procedure was used. Cells were treated with drug for 3 hr. colllected by scraping, washed once with 0.9% NaCl-0.1 M phosphate buffer. pH 7.3. and lysed by addition of 2504 of 0.4N HClO,.
After removing acid-precipitable material by centrifugation.
the extract was neutralized with tri-N-octylamine/freon [ 121 and analyzed by HPLC.
A portion of the extract was injected onto a 10 [lrn Altex strong anion exchange column and eluted isocratically with 0.4 M NaH2P04. pH 3.6, at 3 ml/min. the presence of the drug. and also to be consistent with our previous studies on TG cytotoxicity [ 10. 1 I] .
As Fig. 1 shows. TG can produce up to 98-99'1 cell kill. with 1 PM being the minimum concentration needed to reach this level. MP was considerably less cytotoxic. with 6&X0% cell kill being the maximum effect observed using concentrations up to 500 :&I. In most experiments, 50 ILM MP caused a near-maximal loss of clonogenicitl;. and this concentration was therefore defined as being comparable. though not equitoxic.
to 4 rtM TG (i.e. the minimum don needed to achieve maximal cell kill). In some ca\es, 50 LIM MP was also compared to 0.4 ELM TG. since these concentrations each reduce cloning efficiency by about 5OR
The rapidity with ahich thiopurine-treated cells lost membrane integrity was assayed by trypan-blue exclusion (Fig. 2) . Cells exposed to 4, !yM TG for 16 hr had no loss of dye-excluding ablhty through the tirst 64 hr of the experiment.
On the other hand, about 50% of those given 50 JIM MP failed to exclude dye at t = 40 hr.
The rapid loss of dye excluding abilit? caused b) MP made analysis of chromosome detormation a difficult task. since the process of cell fusion is sensitive to the membrane integrity of the cells involved. Therefore.
it is likely that those cells which did fur would hc from the portion of the population which 1J excluded dye at t = 40 hr. Figure 3 shows that PCCs formed from the MP-treated group had only a minor degree of deformation present, if at all. This is consistent with the idea that these ceils represent the surviving half of the population.
The induction of deformation by TG is much more severe and has been discussed in detail previously f 1 I].
Effects of MP and TG on cell cycle progression were determined bv Row cytometry (Fig. 4) . The two drugs behaved dissimilarly, with TG causing little or no inhibiti of progression until 16-20 hr. at which time the accumulation of cells with a late S or G: content of cells could be observed. MP treatment induced a pileup of cells in G , or G i/early S which was detectable at 8 hr and was pronounced at 16 hr. Upon removal of the drug at t = 16 hr the population proceeded through S phase with some degree of synchrony. deformation is also produced by MP in this line and whether it plays a role in MP-induced cytotoxicity. Our first objective was to define appropriate treatment conditions under which to compare the two drugs. In preliminary expariments it became apparent that there was a difference of about one log in the maximal cell kill achievable by 16-hr exposure of CHO cells to the thiopurines, with TG-treated populations maintaining about l-2% survivors versus 2&30% for MP (Fig. 1) . Tidd and Paterson [S] previously made a similar observation in L5178Y cells, although the absolute levels of cell kill in their study were much higher than those seen here. Paradoxically, there was a slight, but significant, decrease in TG-induced cytotoxicity as the drug concentration exceeded 4 PM. This effect has been noted previously [19, 20] and may be due to antagonism of DNA synthesis (and therefore thiopurine incorporation into DNA) by purine starvation [19] .
MP
To determine whether the toxicities of MP and TG were immediate or delayed effects, we examined the dye excluding ability of TG-or MP-treated cells. Figure 2 indicates a major discrepancy in the actions of MP and TG on the ability of cells to exclude trypan blue. Whereas the population exposed to TG had few long-term survivors, there was no detectable loss of dye exclusion through the first 64 hr of the experiment.
In contrast, the MP-treated population had about 50% of its cells failing to exclude dye within 4@-60 hr, which corresponds closely to the total loss of clonogenicity caused by this treatment. Although trypan blue exclusion is not a reliable indicator of long-term survival, it is reasonable to assume that those cells which fail to exclude dye are not viable, and therefore we conclude that the great majority of MP-induced cytotoxicity in this situation is through a relatively immediate process. Previous studies have shown that delayed MP cytotoxicity is related to drug incorporation into nucleic acids [8, 9] , and is not due to purine nucleotide depletion [21] . However, it is also known that MMPR, when anabolized to the nucleotide level, can induce cell death [22] and this agent is thought to act solely by purine synthesis inhibition.
It is therefore possible that in the present case 50 PM MP kills cells by purine nucleotide depletion. Flow cytometric analysis illustrates that MP (50 uM, LL)~,,) had a qualitatively different effect on cell cycle progression than did TG (4 PM, LDg8) (Fig. 4) . The G, or G 1/s accumulation shown to occur following MP treatment would be expected of cells whose DNA synthesis was inhibited, as is the progression of a wave of cells into S-phase upon relief of the block by drug removal (Fig. 4, t = 20 hr) .
To further examine the role of purine synthesis inhibition, we measured the effect on clonogenicity of adding AIC to MP or TG treatments.
Since aminoimidazole carboxamide-5'-phosphate (formed from AIC and PRPP) occurs in the de nouo purine pathway after the steps inhibited by thiopurines, AIC has classically been used to circumvent thiopurineinduced purine synthesis inhibition [23] . The results in Table 1 illustrate that nearly complete protection from MP cytotoxicity could be attained by co-incubation with 500pM AIC. This protection is consistent with previous data [9. IS] and parallels the elevation of GTP to control levels (Fig. 5) , further suggesting a role for purine synthesis inhibition in MP cytotoxicity.
On the other hand, the effects of AIC on TG cytotoxicity depend on the concentrations of both TG and AIC. From the data in Fig. 5 [ 15, 25, 26] .
We are continuing to study the interaction between AIC and TG in CHO cells in order to discern whether differentiation or some related phenomenon may be responsible for the synergistic loss of clonogenicity observed here.
In summary, the data presented here are consistent with previous observations that in CHO cells the cytotoxic mechanisms of TG and MP are different. We have provided additional evidence that in this cell line MP caused a rapidly reversible G1 or G1/S block (consistent with nucleotide deprivation). that MP did not induce the unilateral chromatid damage associated with TG incorporation into DNA, and that cytotoxicity caused by MP was manifested in an immediate, rather than a delayed manner. These properties are in contrast to the cytotoxicity induced in CHO cells by TG. which has been shown previously to be associated with delayed Gz arrest and unilateral chromatid damage, probably resulting from incorporation of the drug into DNA. Furthermore, we have described a novel synergism between TG and the purine precursor AIC which cannot be explained on the basis of either purine depletion or DNA incorporation, and which we suggest may be related to the TG-induced differentiation described by other investigators.
This effect, which is dependent on the concentration of both TG and AIC, may have therapeutic utility if it can be shown that there is a sufficient difference between the concentrations of AIC needed to potentiate TG action in tumor versus host tissue.
